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Abstract
State of the art techniques for reducing pollutant emission in internal com-
bustion engines often require local flow assessment, specially in the air man-
agement field. This work addresses the interaction between a turbocharger
compressor and the 3-way long-route EGR joint, where exhaust gases of the
combustion are mixed with fresh air. A validated methodology for com-
pressor simulation is combined with a validated condensation model for this
work. Numerical simulations of two different working points with three flap
positions are conducted. The influence of these operating conditions on the
flow field is evaluated. Particularly, there is a connection between the mix-
ing of both steams and the generation of water condensates, responsible for
the erosion of the impeller and the loss of compressor efficiency. Moreover,
neglecting the impact of the compressor presence on the condensation pro-
duction is shown to be of low magnitude, so that simulations without the
compressor are regarded as accurate, thus reducing the computational effort
by two orders of magnitude.
Keywords: Turbocharger, Computational Fluid Dynamics, Long Route
EGR, Condensation
1. Introduction
With more and more evidences of the pollutant emissions being partially
responsible for the climatic change and health issues, the regulations have
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been progressively tightened during the latests years, particularly for Internal
Combustion Engines (ICE). One of the most developed emission control tech-
nique used in ICE to achieve the required emission reduction is the Exhaust
Gas Recirculation (EGR) [1, 2, 3]. This process consists in reintroducing back
in the cylinders a fraction of the exhaust gases resulted from the combustion
process mixed with fresh air. Due to this mixing, the maximum tempera-
ture is lowered during the combustion, drastically reducing the formation of
nitrogen oxides [1].
Moreover, due to the common usage of turbochargers in ICE, two re-
circulation paths are possible. The most common configuration is called
Short Route-EGR (SR-EGR), in which the intake and exhaust manifolds are
directly connected, i.e., the gases are drained upstream the turbine and rein-
troduced downstream the compressor. Alternatively, the Long Route-EGR
(LR-EGR) configuration consists in extracting the exhaust gases downstream
the turbine and after-treatment elements and reintroducing them right up-
stream the compressor. In both cases, a cooler to reduce the temperature of
the gases and valves to control the mass flow rate are usually mounted in the
EGR line.
On the one hand, using the SR-EGR option reduces the pumping losses
[1] and increases the turbocharger durability, since only dry air is passing
through the compressor. However, the operation of the compressor is moved
towards the surge limit and the distribution of exhaust gases through the
different cylinders is not homogeneous [4, 5]. On the other hand, the LR-
EGR alternative takes the gases downstream of the after-treatment elements,
avoiding issues caused by the accumulation of pollutant and acidic deposition
in the EGR line, the intake manifold or the inlet ports. The main problem of
the LR-EGR technique is the condensation of the water vapor of the exhaust
gas when its temperature is lowered below the dew point. This may occur in
the EGR cooler or in the T-joint upstream the compressor, when the exhaust
gases are reintroduced to the intake duct and are mixed with fresh (and
potentially cold) air. Condensation in the cooler is usually found during the
warming up whereas condensation in the T-joint is strongly noticeable with
ambient temperatures below 10◦C [6]. Appearance of liquid water upstream
the compressor is critical if droplets reach the impeller. The impact velocity
of the droplets against the impeller is high enough to produce erosion on the
leading edges, reducing the compressor efficiency and posing a risk to the
turbocharger integrity if produced continuously, as seen by Karstadt et al.
[7].
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Due to the relevance of this issue, it is interesting to analyze the con-
densation phenomenon in order to find potential solutions. Condensation
depends on the flow distribution and turbulence, i.e., how the streams mix.
So, a thorough analysis should be addressed using a 3D-CFD approach. Pre-
viously, different authors have dealt with similar stream mixing problems
[8, 9, 10], condensation modeling [11, 12] or both phenomena [13]. 3D-CFD
has shown to be also a good tool for researchers to analyze the flow field of
centrifugal compressors [14, 15]. In the particular case of condensation pro-
duced in a LR-EGR T-joint, the compressor presence as an active element
on the process may be of importance. Unfortunately, modeling the whole
compressor along with the LR-EGR T-joint with accuracy implies a compu-
tational effort remarkably larger than simulating only the T-joint, as will be
shown in Section 4.4.
This work is devoted to assess the influence of the operating conditions
and the the intake counter-pressure flap angle of a LR-EGR T-joint in the
mixing process and generation of condensates, which is responsible for wors-
ening the compressor efficiency by producing erosion on the leading edges
of the compressor. Due to the difficulty of performing local measurements
without being too intrusive, CFD simulations are carried out using the com-
mercial code STAR-CCM+ [16]. The numerical setup is obtained from an
experimentally validated previous work and the condensation model used was
also validated with experimental data. The impact on computational effort
of considering the compressor will be addressed as well.
In Section 2 the mesh and simulation setups will be detailed and the
condensation model summarized. Then, the methodology, including the op-
erating points and specific geometrical configurations, will be explained in
Section 3. The results and the discussion are written in Section 4 and finally,
the concluding remarks are highlighted in Section 5.
2. Numerical configuration
2.1. Geometries and mesh
As aforementioned, there are two main regions of interest in the current
study; the LR-EGR junction and the compressor, which together form the
complete geometry, as shown in Fig. 1. The particular LR-EGR junction
selected for this work is a T-joint, as can be seen in Fig. 2. It has two
perpendicular inlets, one for the intake of fresh cold air (left branch) and
one for the warm and humid EGR (bottom branch), with a counter-pressure
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flap on each duct for controlling the ratio of mass flow rates (known as
EGR rate). The length of the intake pipes, from each flap to their inlet
boundary is three corresponding diameters [17]. The T-joint discharges into
the compressor wheel (right branch of Fig. 2). Figure 3 shows that the
complete geometry of the compressor is considered, i.e., 360◦-resolved wheel,
diffuser, volute and outlet duct, which is 5 diameters long [18]. There will
be two sets of simulations: complete domain (T-joint with compressor; Fig.
1) and reduced domain (T-joint alone; Fig. 2). For the latter, the section at
the end of the cone is extruded one and a half diameters, thus reducing the
impact of the boundary condition on the solution. The angle of the EGR
flap is fixed and the set of angles used for the intake flap will be discussed in
Section 3.
Figure 1: Geometry included in the complete domain.
For the sake of consistency, the meshing approach is kept the same for
both regions. The meshing methodology corresponds to the validated ap-
proach proposed by Broatch et al. [19].The meshes are composed of poly-
hedral cells, with a base size between 0.8 mm for the critical regions such
the compressor wheel and 3 mm for the inlet and outlet ducts. Prism lay-
ers are generated on the walls, which improve the solution of the boundary
layer. The y+ value on the walls is about 1, assuring a proper solving of
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Figure 2: LR-EGR T-joint with cross-section of mesh and normalized axis for post-
processing.
Figure 3: Compressor domain and impeller mesh.
the near-wall flow [20]. Global meshing characteristics are in agreement with
those corresponding to the compressor mesh independence study performed
by Navarro [18], since they are more restrictive than the meshing setup from
the LR-EGR work. Navarro tested three different meshes for a similar tur-
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bocharger compressor, particularly with 4, 9 and 18 million cells. The results
showed similar global variables among all three cases, but a poorly resolved
aero-acoustic signature for the coarser mesh, so it was concluded that the 9
million cell mesh was enough for shedding accurate results. Applying this
configuration to the current work, the meshes of the complete cases have
12M cells and the reduced cases (T-joint only) have 0.75M cells.
2.2. Setup and boundary conditions
The CFD methodology developed by Broatch et al. [19] is employed for
setting the numerical configuration of the simulations conducted in this work.
The CFD model [19] was validated with experimental measurements on a
continuous flow turbocharger test rig, showing a good agreement not only in
compressor global performance indicators but also in acoustic measurements.
The flow is set as multicomponent ideal gas, considering dry air and
water vapor as components. The segregated solver of STAR-CCM+ [16] is
chosen. For the turbulence approach, the Detached Eddy Simulation (DES)
model with the k − ω SST submodel is used [21]. Broatch et al. [19] also
considered URANS, concluding that DES predicted the compressor behavior
with higher fidelity. Second-order time discretization is considered, rotating
the compressor mesh 4 degrees per time step, which results in a time-step
size of 4.2·10−6 s. Navarro [18] proved this time-step size was enough for an
accurate prediction of the global variables. Walls are considered adiabatic
taking into account that the low conductivity of the EGR junction material
and high velocities in the compressor lead to a negligible impact of the heat
transfer with the surroundings.
Mass flow inlet boundaries are selected in both fresh air and EGR inlets,
specifying additionally the total temperature and the mass fraction of each
component. Concerning the turbulent specification, an intensity of 0.04 and
a length scale of 3.5 mm are set. For the cases with the compressor, the
values of compressor speed and outlet pressure are required. A radial equi-
librium profile is employed at the outlet boundary [22]. The ratio between
the inlet mass flow rates fixes the EGR rate, and the mass fraction of the
gas components sets their specific humidity. The values of the boundary
conditions are obtained from experimental tests performed by Taŕı [17].
For the reduced-domain simulations, the outlet pressure values were not
actually measured. Instead, the cases with the complete domain are run first
and the pressure at a plane at the end of the inlet cone is averaged and used
as a constant and homogeneous value for the reduced cases. This pressure
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depends on the operating point and it is not known beforehand, but Taŕı [17]
showed that sensitivity of the solution to the T-joint outlet pressure is low
(1% change in condensation rate for a deviation of 1000 Pa in the boundary
condition).
2.3. Condensation submodel
Condensation modeling is a key feature for the current analysis. The
model selected was developed and verified by Serrano et al. [6] and then
validated by Taŕı [17] through an experimental campaign of durability tests.
For a proper understanding of the phenomena that takes place in the LR-
EGR joint, a brief description of this physic process and the approach of the
condensation model is provided.
Due to the non-linear capacity of the dry air to accept water vapor with
the temperature, it is possible that, when two undersaturated streams with
different psychrometric conditions (temperature, humidity and pressure) are
mixed, the resulting gas becomes oversaturated, and thus condensation is
produced. This particular condensation mechanism is potentially given in
the bulk flow of a LR-EGR T-joint, thus forming small droplets that are
dragged by the flow and grow as coalescence and further condensation occurs.
The employed model disregards the behavior of the actual droplets, since
a Lagrangian approach or a sophisticated ad hoc model would be then needed,
substantially increasing the computational effort required. Instead, liquid
water is tracked using a passive scalar which does not affect the continuum
flow once it is generated. Due to the reduced volume fraction of the liquid
component, this assumption does not have an impact on the results. Fur-
ther descriptions of the assumptions and simplifications made in model are
performed in the works of Serrano et al. [6] and Taŕı [17].
Condensation is modeled by including custom source terms in STAR-CCM+ [16].
The relative humidity of the domain is calculated first. Condensation is trig-
gered when oversaturated conditions are detected in a given cell. A weighing
equation is used considering the enthalpy and humidity of the initial con-
ditions to calculate the amount of vapor content that should be subtracted
from the cell to achieve saturated conditions. The source term for the vapor
mass component is described in Equation 1.
Svap =




The specific humidity subtraction denotes the difference between the ini-
tial and the final humidities. The characteristic time of the denominator is
related with the residence time of a particle in a given cell.
Known the mass source term, the energy source term is calculated con-
sidering the latent heat of vaporization released during the condensation,
originating an isenthalpic process. In Equation 2 is showed this relation.
Sener = Svap (L− cpvap T ) (2)
The sensible heat of the condensed vapor mass needs also to be decreased
to assure the energy equilibrium of the remaining gas.
Additionally, the momentum of the decreased vapor mass is considered.
for this, the velocity vector is multiplied by the vapor source term, as seen
in Equation 3.
Smom = Svap ~v (3)
Finally, the passive scalar is generated inversely to the decrease of the con-
densed vapor mass component, virtually tracking the presence of the liquid
water as it was behaving as a gas component, with convection and diffusion.
Taŕı [17] validated this model performing experimental durability tests. In
a steady rig, hot humid air was used as a surrogate of EGR gases and a
cold chamber was employed to generate very cold ambient conditions, from
where the compressor sucked a given mass flow rate. Using a similar T-joint
to the one employed in this work, the hot stream was mixed with the cold
air upstream the compressor. Taŕı [17] conducted 50-hour tests to assess the
impact of the condensates generated on the compressor wheel wear, finally
correlating the condensation rate predicted by the CFD model with this im-
peller erosion. A direct agreement was found between the erosion observed




A combination of different operating conditions and geometries are ana-
lyzed. Two operating points are combined with three flap angle positions.
The first operating point has high intake mass flow rate, low EGR rate and
high compressor speed, the second has a low intake mass flow rate, high EGR
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rate and low compressor speed. The numeration of the cases and the flap
angles are shown in the Table 1. To assess the influence of the compressor
on the condensation process, all six previous configurations are run consid-
ering the domains introduced in section 2.1, i.e., complete geometry (with
compressor) and reduced geometry (without compressor). In these 12 simu-
lations several performance indicators are employed to conduct quantitative
comparisons. They are described in Section 3.2.
Table 1: Simulation campaign.
Op. point Tin TEGR ṁa EGR rate Comp. speed
A -10 ◦C 90 ◦C ↑ 15% ↑
B -10 ◦C 50 ◦C ↓ 35% ↓








The consideration of the passive scalar for tracking the generated con-
densates allows the calculation of the liquid water mass flow rate (ṁliq) that
passes through a given section with little additional effort. Thus, by per-
forming this operation along different sections between the EGR discharge
duct and the compressor inducer, it is possible to analyze and quantify the
influence of the compressor on the mixing process and determine the impact
of neglecting the compressor from the simulation. Additionally, an overview
of the influence of using different operating conditions and flap angles will
be possible through this analysis. Differences in condensation rate between
the complete and the reduced cases will be displayed in absolute and relative
















· 100 (%) (5)
Condensation depends on how the streams are mixed, which in turn is
determined by the flow structures. The mechanisms that set the main flow
structures will be then studied and discussed in Section 4.
Analogously, each flow pattern sets a different pressure distribution. Pres-
sure scalar field on the section at the end of the cone (boundary in the right
side of Fig. 2) will be analyzed to provide useful information regarding the
predominant mechanism that controls the flow structure at the inducer.
4. Results
4.1. Axial evolution of condensation rate
The mass flow rate of condensed water (condensation rate) from the EGR
discharge duct to the end of the inlet cone for all the cases are shown in Fig-
ures 4 (op. point A) and 5 (op. point B). The vertical axis shows the
condensation rate normalized with dry air mass flow rate and the horizontal
axis displays the axial position normalized with the distance between the
EGR discharge duct and the end of the inlet cone (see Fig. 2). This is
the critical region where the condensation is produced before reaching the
compressor wheel. After entering the inducer, droplets may impact other
components, deposit over the surfaces and even re-evaporate as the gas is
compressed and heated up. However all this latter phenomena are not con-
sidered in the model since the most harmful mechanism is the impact of the
droplets against the leading edges of the compressor.
4.2. Analysis of complete cases
In first place, the results of the complete case are analyzed. Solid lines of
Fig. 4 show the results of the cases with of operating point A. It is noticeable
that in this case, where the EGR rate is low, small intake flap angles produce
the same results of condensation, being the differences between 0◦ and 15◦
almost non-existent. Conversely, a high flap angle enhances condensation
generation. Figure 5 shows the results of operating point B. In this case, the
high EGR rate that characterizes these cases clearly controls the mixing and
the condensation, producing similar results for all three cases. Nevertheless,
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Figure 5: Condensation rate of operating point B cases.
The influence of the EGR rate and flap angle on the mixing process is
illustrated in Figs. 6 and 7, where a Line Integral Convolution (LIC) [23]
representation of the time-averaged temperature scalar over a longitudinal
section, together with time-averaged velocity vectors, are displayed. Figure
6 is devoted to the cases 15A and 45A, with lower EGR rate than their coun-
terparts 15B and 45B, depicted in Fig. 7. In these figures it can be observed
the EGR stream entering the T-joint from the bottom branch with higher
temperature. As both streams mix, the temperature gradient at a given
cross-section is reduced, which, considering the condensation rate results in
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Figure 6: Line integral convolution of temperature and velocity vectors at longitudinal
section for cases 15A (top) and 45A (bottom).
Figs. 4 and 5, prove that the mixing of the streams and the condensation
produced is correlated.
For the low EGR rate cases on Fig. 6, the high angle of the flap (bot-
tom of the picture) induces high vorticity and turbulent structures which
enhance condensation generation. Moreover, the low momentum region cre-
ated by the valve reduces pressure, so that the EGR flow is directed upwards,
further contributing to mixing of streams and condensation. Also, strong
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Figure 7: Line integral convolution of temperature and velocity vectors at longitudinal
section for cases 15B (top) and 45B (bottom).
counter-rotating swirling structures are created by the flap and convected
downstream, which extend the mixing region. On the contrary, when the
flap angle is reduced (upper side of Fig. 6), the intake flow impinges and
smoothly deflects the EGR stream towards the compressor, avoiding exces-
sive mixing. For operating point A, Figure 4 suggests that there should be a
threshold of low-end flap angle that does not affect the flow structure enough
to have repercussions on the mixing.
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High EGR rate cases corresponding to working point B, depicted in Fig.
7, show a lower influence of flap angle because the penetration of the EGR
stream is higher, similarly impacting against the flap regardless of its angle.
Part of the EGR stream may even surround the flap and overcome to the
upper side towards the inlet face, advancing the condensation production, as
can be seen in case 15B (top of Fig. 7). The condensation rate evolution of
case 0B, depicted in the Fig. 5, shows an offset of condensation rate at the
origin of the axial position, implying that condensates are being produced
upstream the EGR duct, due to the aforementioned issue. This issue exists
for operating conditions combining lower flap angles and high EGR rates.
4.3. Comparison of reduced and complete cases
The impact of the compressor on the mixing process and condensation
generation can be assessed by comparing the results of condensation rate of
the complete cases with their analogous with reduced geometries. Figures 4
and 5 show such results, in which dashed lines with symbols represent the
reduced counterparts of the complete cases. Generally, the axial profiles of
condensation rate predicted without compressor follow the ones correspond-
ing to the complete cases with great agreement. Only a slight discrepancy
is found in case 0B, but the reduced case prediction is still quite close to
the solution of the complete geometry. The absolute and relative errors of
condensation rate, calculated using Equations 4 and 5, are evaluated at the
end of the inlet cone (normalized axial position = 1 in Figures 4 and 5) and
showed in Table 2.
Table 2: Condensation rate error in the cross-section at the end of the inlet cone.







The relative errors found are all below 4%. Thus, the compressor does
not significantly affect the generation of condensates. In spite of not playing
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an important role on the condensation production, it is worth analyzing why
its influence is so small.
As can be seen in Figure 8, when comparing the water distribution at the
end of the mixing region for the complete (top) and reduced (bottom) cases,
it is noticed that such strong patterns are unlikely to be perturbed by the
compressor influence. In operating point A, where the intake mass flow is
relatively high, strong and stable vortices are formed downstream of the flap,
fixing this pattern from that point and explaining why both flow structures
and condensation rate are almost identical.
On the contrary, Figure 9 shows the comparison of flow structure between
the complete (top) and reduced (bottom) 45B cases. Operating point B has
a lower intake mass flow rate that is combined with a higher EGR flow, what
causes a weak and unsteady pattern that is likely permeable to external inter-
actions such as the influence of the compressor. Note that velocity vectors in
Fig. 9 are much smaller than those displayed in Fig. 8, and so are secondary
flows (velocity vectors in Figs. 8-11 use the same scaling factor). That is
why the condensation patterns in Fig. 9 are not the same for the complete
and reduced case. However, due to the actual operating conditions of the
compressor (low speed and compression ratio), its perturbation upstream the
wheel is also weak, so the impact on secondary flows (and thus condensation)
is only slight. There could be operating conditions where the impact could
be greater, however these conditions are not in the common working range
of the coupling between the turbocharger and the EGR demand [24].
An additional approach to detect predominant flow patterns resides in
observing the pressure contours. Cases with strong flow structures generated
during the mixing process usually have defined vortices with elevated pressure
gradients. The pressure range of a given section plane is therefore defined
as: prange = pmax − pmin, where all pressures are time-averaged. In Table 3
the pressure range at the section at the end of the inlet cone are provided,
for both complete and reduced cases.
There are two phenomena mainly responsible for creating in-plane pres-
sure gradients that would drive secondary flows. First, regarding the valve,
higher flap angles and higher mass flow rates (and velocities) imply a higher
pressure gradient. This occurs in case 45A, where the high mass flow and
the high flap angle produce two strong counter-rotating vortices with low
pressure in their centers, masking the rest of the pressure perturbations, as
can be seen in the comparison of Figure 10. Second, concerning the impeller,
the closeness of the nut of the wheel to this section drives the gas stream
15
Figure 8: Cross-section time-averaged water fraction contours and in-plane velocity vectors
comparison at the end of the inlet cone of case 45A. Complete case on top and reduced
geometry on bottom.
away from the center of the duct, lowering the velocity and increasing the
pressure near the central part. This phenomenon increases with the mass
flow rate and causes a higher pressure gradient compared with a simulation
without the compressor and the nut.
In the rest of the cases, where the flow structures at the mixing region are
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Figure 9: Cross-section time-averaged water fraction contours and in-plane velocity vectors
comparison at the end of the inlet cone of case 45B. Complete case on top and reduced
geometry on bottom.
not as dominating as in case 45A, the influence of the compressor is clearer.
A lower pressure range can be observed in Fig. 11, where the flap angle
is set at 0◦. The presence of the nut in the central part of the complete
simulation causes the pressure to be noticeable higher, while in the reduced
case the pressure distribution is homogeneous. Even though the pressure
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Table 3: prange at the end of the inlet cone section.







distribution at the complete and reduced cases is not identical, the impact
of this difference on the secondary flows is limited. Figure 11 shows that
in both cases the velocity vectors are of the same magnitude, much smaller
than the ones depicted in Fig. 10 indicating weaker secondary flows.
4.4. Computational effort
To assess the impact on computational effort of reducing the domain, the
actual time each simulation took to calculate a single time step is summed
up in Table 4, considering both complete and reduced cases and using ten
cores for all the cases. For the complete cases, the time needed to turn the
rotor region mesh after each time step is included as well.
Table 4: Comparison of computational effort.
Geometry Reduced Complete
Elapsed time/time step (s) 21 447
Number of time steps (#) 1000 3000
Turnaround time (days) 0.24 15.5
A time step of a complete simulation takes about 20 times more than a
time step of a simulation with only the T-joint geometry. Furthermore, for
properly converging a compressor simulation, several wheel rotations must
be carried out and due to the chosen time step, the final time each com-
plete simulation needs to be converged is around two weeks, with a 10-core
parallel computation. Conversely, a reduced case only takes six hours to be
completely solved, even less if the solution can be solved using a steady state
time discretization, as seen by Taŕı [17].
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Figure 10: Cross-section scalar of pressure comparison at the end of the inlet cone of case
45A. Complete case on top and reduced geometry on bottom.
5. Concluding remarks
After discussing the results and assessing the impact of decoupling the
compressor from the simulation in terms of computational effort, the follow-
ing conclusions are obtained.
 Condensation distribution at the compressor similarly depends on both
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Figure 11: Cross-section scalar of pressure comparison at the end of the inlet cone of case
0A. Complete case on top and reduced geometry on bottom.
the geometry of the LR-EGR T-joint and on the operating conditions.
When the intake flap angle is high, very turbulent flow structures are
formed and the condensation production is increased.
 The comparison of the results shows that the compressor has minimal
influence on the condensation prediction. Only when the flow structure
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is not being altered by the flap or the EGR stream and backflows appear
at the inducer, some relative error may be noticeable, and even in these
cases the error is below 4% for the studied cases.
 By neglecting the influence of the compressor in the T-joint domain, the
computational effort required is reduced by two orders of magnitude,
allowing an extensive analysis of the condensation focused only on this
part.
 The aforementioned conclusion concerning the possibility of decoupling
the LR-EGR from the compressor can also be applied to the experimen-
tal field. If the compressor is not placed a the outlet of the T-joint in a
test bench, the access to different measurement techniques become pos-
sible, such as measurements of local flow velocity, temperature or even
humidity. Laser techniques, such as PIV [25, 26, 27] or LDV [28, 29],
widely used by different researchers, may also be used in this case, pro-
viding information enough to fully characterize the flow pattern and
the condensation evolution.
Future works on this topic are addressed to develop a simple model that
predicts the value of the outlet pressure of the T-joint for the aforementioned
simulations. A proper model should consider air and EGR mass flow rates,
upstream pressures, flap angles and other parameters. The model should be
then validated with additional simulations and experimental tests.
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